The magneto-optical (MO) properties of perpendicular magnetic Co 80 Pt 20 /Ag stacked lms with ZnO intermediate layers of different thickness were investigated by polar Kerr measurements. The insertion of a thin ZnO layer at the CoPt/Ag interface improved the perpendicular magnetic properties and MO enhancement at the plasma edge of Ag. The CoPt/Ag stacked lms with a 2-nm-thick ZnO layer exhibited an ideal square out-of-plane hysteresis loop with a relatively large Kerr angle of approximately 1.4 in the ultraviolet region. The peak position of the MO plasma enhancement shifted to longer wavelength as the thickness of the ZnO layer increased, and a new peak appeared consistent with the band-gap energy of ZnO. Moreover, the CoPt/ZnO/Ag stacked layer acted as a Fabry-Pérot etalon when the thickness of the ZnO layer was the sub-wavelength of incident light. As a result, a MO cavity was realized in the stacked lms, and an ideal square MO loop with a large Kerr rotation angle of approximately 20 was obtained in the visible region. The MO enhancement factor reached approximately 200. We demonstrated that the stacked lms were sensitive to changes in the optical conditions at the lm surface. The developed MO cavity can act as a highly accurate chemical and biological sensing system under simple measurement conditions.
Introduction
The improvement of the magneto-optical (MO) Faraday and Kerr effects caused by magnetophotonic crystals (MPCs), MO cavities, and surface plasmon resonance (SSRs) has been extensively studied. A large MO effect is desirable in practical applications such as optical isolators, MO recording media, MO spatial light modulators (SLMs) and MO chemical and biological sensors. Magnetic stacked layer structures are a useful system for the improvement of MO activities. It has been reported that one-dimensional MPCs based on magnetic and nonmagnetic dielectric multilayers realize a huge Faraday rotation angle. [1] [2] [3] [4] [5] This MO enhancement originates from the localization of light at selected wavelengths in photonic band-gap structures. Similarly, MO cavities consisting of stacked layer structure enhance the MO effect by multiple re ections of light inside the structure. [6] [7] [8] [9] [10] The cavities are typically formed by a re ective layer as a mirror, magnetic layer, a spacer and a capping layer. In recent years, it has been reported that the MO cavities indicate a relatively large Kerr rotation angle reaching to several degrees. 10) The MO properties in the MPCs and the MO cavities can be controlled by carefully designing the thickness of each layer in the stacked structures. Very thin isolators in integrated optics 11) , spatial light modulators with high switching speed [12] [13] [14] , and high density media in MO recording systems will be realized by large Faraday and Kerr rotations in these stacked layer structures. Moreover, the MO enhancement induced by SPRs in magnetic layered structures has recently attracted considerable attention. The effect of bulk plasmons on the MO properties of metals was rst investigated by Katayama et al. 15, 16) and Feil and Hans 17) . The Kerr rotation angle (θ K ) increased around the plasma (absorption) edge of noble metals (NMs) in multilayers consisting of magnetic transition metals (MTMs) and NMs. In particular, Co/Ag stacked lms exhibited a relatively sharp MO peak at the plasma edge of Ag metal. 18) A strong MO enhancement caused by SPR has been obtained in total re ection geometry using the KretschmannRaether con guration 19) for layered structures consisting of MTMs and NMs. [20] [21] [22] [23] Modulation techniques based on the combination of the MO effect and SPR have yielded chemical and biological sensors with high sensitivity. [24] [25] [26] [27] In addition to a large MO effect, perpendicular magnetic anisotropy is a prerequisite for applications such as high-density magnetic and MO recording media, 28) high-resolution MO SLMs, 29, 30) and spin electronic devices. [31] [32] [33] Large perpendicular magnetic anisotropy is required in spin electronics because random access memories need high-density memory cells. In particular, Co-Pt alloys, multilayers, and nanostructures that exhibit a relatively large MO effect at blue wavelengths are potentially useful for these applications because of their large perpendicular magnetic anisotropy and good chemical stability. Co 80 Pt 20 -based lms are used as high-density perpendicular magnetic recording media in commercial products, and L1 0 -Co 50 Pt 50 composite lms with Ag have been investigated as a next-generation high-density recording medium. [34] [35] [36] In such next-generation magnetic recording systems, heated nanoscale spots based on near-eld optics will be used as a new recording method. [37] [38] [39] On this basis, we have investigated the magnetic and MO properties of CoPt-based multilayers and nanostructures. An ideal square out-of-plane hysteresis loop with a relatively large θ K in the ultraviolet (UV) region has recently been obtained for a CoPt/Ag stacked lm with a thin ZnO intermediate layer. 40) In this study, we investigate the MO properties of CoPt/Ag stacked lms with a ZnO intermediate layer of different thickness. In particular, it is expected that optical interference in the ZnO will have a large effect on the MO properties of the lms when the thickness of the ZnO layer is the sub-wavelength of incident light.
Experiment
Samples with a typical layered structure of [CoPt/ZnO/ Ag/ZnO]/glass substrate were fabricated by magnetron sputtering at ambient temperature. The base pressure of the sput-tering system was about 7 × 10 −6 Pa, and the Ar pressure was 0.2 Pa during the deposition of CoPt and Ag layers and 0.5 Pa for ZnO layers. RF and DC magnetron sputtering methods were used for the depositions of the ZnO and other layers, respectively. A 10-nm-thick ZnO seed layer was deposited on the glass substrate to improve the crystalline face-centered cubic (fcc)- (111) 
Results and Discussion

Effect of a ZnO intermediate layer on CoPt/Ag
stacked structures It is known that the MO effect is enhanced at the plasma (absorption) edge of the NM in MTM/NM stacked lms. For the CoPt/Ag stacked lms with a thin ZnO intermediate layer, a relatively large θ K can be obtained in the UV region. Figure 1 shows the saturation θ K spectra for CoPt (5 nm)/Ag (100 nm) stacked lms with a ZnO intermediate layer with a thickness of 0-14 nm. A large increase in θ K is observed at 300-400 nm, and the wavelength of the maximum θ K for the CoPt lm directly deposited on the Ag underlayer corresponds to the plasma edge of Ag. The saturation θ K was about 1.0 , which is approximately 10 times larger than that of equivalent samples formed on another metal underlayer such as Ru or Au. 40) This MO enhancement was improved by the insertion of a thin ZnO layer at the CoPt/Ag interface, and the peak position shifted to a longer wavelength with increasing thickness of the ZnO layer. The maximum θ K reached approximately 1.7 for the sample with a 14-nm-thick ZnO layer. For this sample, a new large MO peak appeared at around 375 nm, which corresponds to the band-gap energy of ZnO. This enhancement of MO can be explained by the effect of the plasma (absorption) resonance of the ZnO/Ag underlayer. It is known that the complex Kerr rotation is related to the diagonal (ε xx ) and off-diagonal (ε xy ) elements of the dielectric tensor by: 17, 41) 
where η k is the Kerr ellipticity. When the thickness (d) of a magnetic layer formed on a nonmagnetic underlayer is sufciently thin compared with the wavelength (λ) of incident light, the complex Kerr rotation is approximated as:
where ε S xx is the diagonal part of the dielectric tensor of the nonmagnetic underlayer. Therefore, the Kerr rotation is in uenced by not only the dielectric tensor of the magnetic layer but also that of the nonmagnetic underlayer. Near the plasma edge of the Ag underlayer, a large θ K can be obtained because the real part of ε S xx approaches zero and the denominator in eq. (2) is minimized. 18) Similarly, the enhancement of Kerr rotation around the band-gap energy of ZnO has been calculated using the optical constants 43) of ZnO. The origin of the large θ K in the UV region is attributed to the increase of the plasma enhancement effect induced by the insertion of a ZnO layer.
In addition to the MO enhancement, the perpendicular magnetic properties of CoPt/Ag stacked lms are also markedly improved by inserting a ZnO layer at the CoPt/Ag interface. Figure 2 Next, we investigated the MO properties of CoPt/Ag stacked lms with a thick ZnO intermediate layer. The ZnO layer acts as an optical interference layer when the thickness is the sub-wavelength of the incident light, which allows a MO cavity system to be realized. The MO cavity exhibited an unusually large θ K in the visible region. Figure 3(a) shows the θ K spectra for CoPt (5 nm)/Ag (100 nm) stacked lms with a ZnO interference layer of various thickness. A MO interference (cavity) effect was detected for all samples, and a large θ K with sharpness depending on measurement wavelength was observed around the resonance wavelength (λ R ). A maximum value of the Kerr rotation angle (θ P ) exceeding 16 was obtained at about 500 nm for the [CoPt (5 nm)/ZnO (50 nm)/ Ag (100 nm)] sample. This wavelength approximately corresponds to a quarter of the optical thickness of CoPt/ZnO stacked layer. The value of θ P was approximately 160 times larger than that of the reference sample without a ZnO layer. This extraordinary MO enhancement is attributed to the optical interference effect. It has been reported that θ K of a magnetic layer can be increased by depositing dielectric lms on the magnetic surface. 6, 7) This is caused by the cavity effect, where the dielectric layer acts as a Fabry-Pérot etalon that allows multiple re ections off the magnetic layer. MO enhancement up to a factor of 4 has been obtained using a single dielectric lm, 7) and has reached a value of approximately 16 (θ K ~ 1.6 ) by using a SiO 2 dielectric lm with a thin gold-coating layer. 9) In our system, the CoPt layer acts as a dual functional layer, ful lling the roles of both magnetic and coating lms. As discussed in Section B, we obtained an extraordinary enhancement factor of approximately 200 (θ K ~ 20 ) for a CoPt/AZO/Ag stacked lm. The MO properties of the stacked lm are characterized by θ P and λ R , and θ K sharply changes from negative to positive at λ R in a MO cavity. As shown in Fig. 3(b) , λ R increases linearly with the thickness of the ZnO interference layer, and the maximum θ P was obtained for the sample with a 50-nm-thick ZnO layer. Moreover, θ K strongly depended on the thickness of the CoPt magnetic layer. Figure 4 (a) reveals that accurate control of the CoPt layer thickness in the range of 0.5 nm is necessary to obtain such a large θ K . The conditions for interference in the MO cavity can be evaluated by the wavelength spacing (Δλ) between λ P and λ R , where θ K is its maximum value and zero at λ P and λ R , respectively. Figure 4(b) shows the relationship between θ P to Δλ. A large optical interference effect generates a sharp change in θ K at λ R , and the value of θ P increases as Δλ decreases.
MO cavity for chemical sensing
The MO cavity in the CoPt/ZnO/Ag stacked lms will be useful for chemical and biological sensing applications because the MO properties are highly sensitive to not only the CoPt layer thickness but also the optical condition of the lm surface. We investigated the in uence of surface oxide layers on the MO properties of the stacked lms. In this experiment, 10-and 60-nm-thick AZO lms were used as seed and optical interference layers, respectively. The AZO lms indicated almost the same optical properties of the ZnO lms. On the other hand, the crystalline orientation of AZO lms was slightly improved, and so the AZO layers were useful for obtaining good perpendicular magnetic properties. This crystalline improvement is attributed to the in uence of the fabrication process of the DC magnetron sputtering. Further detailed investigations by a transmission electron microscopy and X-ray photoelectron spectroscopy are required to clarify the effect of the AZO layers on the perpendicular magnetic properties. Figure 5 shows the θ K spectra and polar Kerr loops for CoPt/Ag stacked lms with and without an AZO optical interference layer. The lm structure was [CoPt ( To evaluate the performance of the stacked structure as a chemical sensor, thin oxide layers of SiO 2 and AZO as the analytical substances were formed on the surface of these lms. Figure 6 (a) depicts a schematic diagram of the MO cavity sensor. In the MO cavity sensor, analytical substances are detected by changes in θ K . The surface adhesion of the analyte will decrease θ K because it in uences the interference conditions when the wavelength of the measurement light is initially set at λ P . Figure 6 (b) and 6(c) shows the changes of Kerr loops by forming surface oxide layers on the stacked lms with and without an AZO optical interference layer, respectively. The loops were normalized by the saturation Kerr angle (θ I-S ) at the initial state. Figure 6 (b) reveals that the presence of 2-nm-thick SiO 2 and AZO surface layers lowered θ K of the MO cavity sensor with an AZO interference layer. In contrast, the Kerr loop of the reference sample without an AZO layer did not depend on the formation of surface oxide layers. The surface adhesion of AZO with a large refractive index led to a large decrease in θ K compared with the case for SiO 2 . The MO cavity sensor was sensitive to changes in the optical conditions at the surface, such as the adhesion of an analytical substance and variation of refractive index.
Furthermore, an accurate chemical and biological sensing system may be realized by detecting the shift of λ R induced by changes in the optical conditions at the surface. Figure 7(a) shows the dependence of θ K pro les normalized by the saturation Kerr angle (θ S ) on the thickness of the SiO 2 adhesion layer. λ R shifted to longer wavelength as the thickness of the SiO 2 layer increased. The dependence of the shift of λ R on the thickness of SiO 2 and AZO adhesion layers is presented in Fig. 7(b) . The changes of λ R caused by the SiO 2 and AZO layers were approximately 0.8 and 3.5 nm per unit thickness (nm), respectively. Therefore, this MO cavity can be used to realize a chemical sensing system with sub-nanometer resolution for an analytical substance using a typical optical spectrometer.
It has been reported that the large MO enhancement induced by SPR can improve the sensitivity of plasmon-based chemical and biological sensors. In general, the excitation of surface plasmon polaritons in these sensors requires total reection conditions using the Kretschmann-Raether con guration with an optical prism. [24] [25] [26] [27] In contrast, an extraordinarily high θ K can be obtained in our MO cavity under simple measurement conditions using normal incident light. The MO cavity sensor monitors the modulation of light, and θ K of ±20 approximately corresponds to the intensity modulation of ±32% for the re ected light through a polarizer. This MO cavity will act as an accurate chemical and biological sensing system that operates under simple measurement conditions.
Conclusions
The MO properties of perpendicular magnetic CoPt/ZnO/ Ag stacked lms were investigated by polar Kerr measurements. The MO enhancement at the plasma edge of Ag depended on the thickness of the ZnO intermediate layer, and this layer also improved the perpendicular magnetic properties of the stacked lms. Insertion of a 2-nm-thick ZnO layer resulted in an ideal square out-of-plane hysteresis loop with a relatively large θ K of approximately 1.4 in the UV region. The peak position shifted to a longer wavelength with increasing ZnO thickness, and for a sample containing a 14-nmthick ZnO layer, a new MO peak appeared at the wavelength corresponding to the band-gap energy of ZnO. Moreover, stacked lms containing a thick ZnO layer behaved as a MO cavity system in which the CoPt and ZnO layers acted as a coating and dielectric layers for a Fabry-Pérot etalon, respectively. The CoPt/Ag stacked lm with a 60-nm-thick AZO layer exhibited an ideal square MO loop with an exceedingly large θ K of approximately 20 at visible wavelength. The MO enhancement factor induced by inclusion of an AZO layer was approximately 200. The stacked lms were very sensitive to the optical conditions at the lm surface. As a result, this MO cavity will allow highly accurate chemical and biological sensing using simple measurement conditions.
